Class B1 (secretin family) G protein-coupled receptors (GPCRs) modulate a wide range of physiological functions, including glucose homeostasis, feeding behavior, fat deposition, bone remodeling, and vascular contractility. Endogenous peptide ligands for these GPCRs are of intermediate length (27-44 aa) and include receptor affinity (C-terminal) as well as receptor activation (Nterminal) domains. We have developed a technology in which a peptide ligand tethered to the cell membrane selectively modulates corresponding class B1 GPCR-mediated signaling. The engineered cDNA constructs encode a single protein composed of (i) a transmembrane domain (TMD) with an intracellular C terminus, (ii) a poly(asparagine-glycine) linker extending from the TMD into the extracellular space, and (iii) a class B1 receptor ligand positioned at the N terminus. We demonstrate that membrane-tethered peptides, like corresponding soluble ligands, trigger dose-dependent receptor activation. The broad applicability of this approach is illustrated by experiments using tethered versions of 7 mammalian endogenous class B1 GPCR agonists. In parallel, we carried out mutational studies focused primarily on incretin ligands of the glucagon-like peptide-1 receptor. These experiments suggest that tethered ligand activity is conferred in large part by the N-terminal domain of the peptide hormone. Follow-up studies revealed that interconversion of tethered agonists and antagonists can be achieved with the introduction of selected point mutations. Such complementary receptor modulators provide important new tools for probing receptor structure-function relationships as well as for future studies aimed at dissecting the tissue-specific biological role of a GPCR in vivo (e.g., in the brain vs. in the periphery).
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agonist ͉ antagonist ͉ GPCR ͉ incretins ͉ peptide hormones C lass B1 G protein-coupled receptors comprise a physiologically important subgroup of peptide hormone receptors. These 7-transmembrane domain (TMD) proteins are distinguished by a unique set of signature motifs and a lack of homology with other GPCR classes, such as class A (rhodopsin family) receptors (1) . Peptides acting on class B1 receptors modulate a wide range of biological functions, including the control of insulin release [e.g., glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic peptide (GIP)], calcium homeostasis and bone remodeling [e.g., parathyroid hormone (PTH) and calcitonin], as well as vascular reactivity [e.g., calcitonin gene-related peptide (CGRP)] (2).
Many studies on class B1 GPCRs support a 2-domain model for hormone recognition and receptor activation. The corresponding peptide ligands are of intermediate length (27-44 aa) . It is postulated that the C-terminal portion of the peptide binds the N-terminal extracellular domain (ECD) of the receptor; this interaction at least in part defines both ligand affinity and specificity. As a second step, the N-terminal segment of the hormone interacts with the receptor TMDs and connecting extracellular loops, triggering intracellular signal transduction (2) . Recent studies revealed the crystal structure of ECDpeptide hormone complexes, providing important insight into the molecular mechanisms underlying PTH (3), corticotropinreleasing factor (CRF) (4), GIP (5), and exendin-4 (EXE4) (6) interaction with their corresponding GPCRs. Notably, these reports highlight that each of the peptides docks as an amphipathic ␣-helix in a hydrophobic groove present in the receptor ECD.
Peptide ligands that modulate class B1 GPCR function hold considerable promise as therapeutics. The peptidic GLP-1 mimetic EXE4 (also known as exenatide or BYETTA) activates the GLP-1 receptor (GLP-1R) and represents the first incretinbased pharmaceutical for the treatment of type 2 diabetes (7). Recombinant PTH and calcitonin, targeting their corresponding GPCRs, are injected daily as a treatment option for osteoporosis (2) . Other drugs that either mimic or block the function of endogenous class B1 ligands represent promising therapeutics for a range of disease, including migraine (CGRP) (8), short bowel syndrome (GLP-2) (9), inflammation (vasoactive intestinal peptide) (10) , and stress-related disorders (CRF) (11) .
Despite successes in identifying a number of efficacious peptides, optimization of surrogate agonists (e.g., improving resistance to enzymatic degradation) and/or the development of high-affinity antagonist derivatives is a challenging process. A better knowledge of the specific interactions between the Nterminal activator domain of the hormones and the transmembrane core of class B1 GPCRs will expedite the discovery and optimization of the next generation of peptide ligands.
In this study, we report the development of a previously unexplored paradigm, membrane-tethered peptides, which can be used as probes to explore class B1 ligand-receptor interactions. We demonstrate that such ligands are highly functional and receptor-selective. The recombinant nature of these constructs enables expeditious mutational analysis, thereby facilitating the identification/optimization of tethered agonists and antagonists. For class B1 peptides, the broad applicability of this approach makes it a powerful tool to study mammalian receptor function, both in vitro and in vivo.
Results and Discussion
The current study explores the potential of membrane-tethered peptides as modulators of mammalian class B1 GPCRs. These genetically engineered cDNA constructs encode a single protein composed of (i) a type I TMD anchor (12) , (ii) a flexible peptide linker extending from the TMD into the extracellular space, (iii) a myc epitope tag inserted into the linker, (iv) a class B1 receptor ligand, and (v) a signal peptide positioned at the N terminus of the processed protein (Fig. 1A) . Multiple studies support that the N terminus of secretin-like peptides is important in mediating ligand-induced receptor activation (13, 14) . Utilization of a type I TMD ensures that membrane insertion will occur such that the N terminus of the construct is extracellular and the C terminus is intracellular (12) . Inclusion of the signal peptide favors proper membrane insertion of the construct. During protein processing, the signal peptide is cleaved, leaving the tethered ligand with a free N terminus (15) . We hypothesized that membrane-tethered ligands projecting into the extracellular space will modulate the activity of coexpressed class B1 GPCRs (Fig. 1B) .
Membrane-Tethered Ligands Trigger GPCR Signaling. All mammalian class B1 receptors are predominantly coupled to stimulatory G␣ s proteins, leading to agonist-induced elevation in intracellular cAMP (2) . In this study, receptor-mediated signaling was assessed by using a CRE 6x luciferase reporter gene construct (a multimerized cAMP response element ligated upstream from a firefly luciferase reporter gene) (16) .
In cells coexpressing a tethered hormone and a corresponding GPCR, receptor-mediated signaling increased as a function of tethered ligand expression (Fig. 2) . As with the corresponding soluble hormones, a high degree of specificity existed in the interaction between receptor and tethered ligand, as illustrated for GLP-1R, GIPR, PTH-R1, and CRF-R2. Characterization of additional tethered ligands, including glucagon, GLP-2, and CGRP, also showed expression-dependent activation of corresponding GPCRs (Fig. S1 ). It is of note that one construct design (with the same TMD and linker length) is able to accommodate a wide range of endogenous peptides, each able to trigger efficacious signaling at its cognate receptor. The applicability of this approach to a majority of mammalian receptors in this family further supports that common molecular mechanisms underlie ligand-induced activation of class B1 GPCRs.
Tethered peptide-induced activation of the corresponding receptor led to signaling ranging from 35-100% of the soluble hormone-induced maximum (Fig. S2) . It is possible that with further modification (e.g., tether length and TMD composition), tethered ligands with even higher activity may be generated. Alternatively, adaptation mechanisms, including receptor endocytosis, desensitization, and down-regulation (17), may limit the degree of tethered ligand-induced signaling at selected GPCRs.
Further studies examining receptor activation by a tethered ligand focused on the GLP-1R, a representative member of the B1 GPCR family. This receptor is of particular interest, given its important role in the physiological maintenance of blood glucose homeostasis (18) . As shown in Fig. 2 A, GLP-1 is a high-potency, soluble GLP-1R agonist that also acts as a tethered activator of receptor-mediated signaling. In contrast, the low-potency ligands, CRF and GIP, activated the GLP-1R as soluble ligands ( Fig. 2 A Left) , but not as tethered constructs (Fig. 2 A Right) . As a possible explanation for this difference, the local concentration of a low-potency hormone achieved with expression of a tethered construct (e.g., tGIP or tCRF) may not reach a level (i.e., micromolar) sufficient to activate the GLP-1R. Alternatively, tethered ligands may be less flexible than corresponding soluble forms, and they may thus be unable to adopt the optimal positioning required to trigger receptor activation.
Selected Amino Acids in the N-Terminal Peptide Domain Define
Tethered Ligand Activity. To further explore how tethered ligands modulate the function of cognate receptors, we analyzed the effects of amino acid substitutions within the N-terminal domain of the peptide (Fig. 3) . These studies focused on tethered variants of 3 related GLP-1R ligands: GLP-1 and EXE4 (each with subnanomolar potency at the GLP-1R), as well as GIP (a low-potency activator of the GLP-1R; Fig. 2) . Comparison of the corresponding amino acid sequences revealed that the N termini were highly conserved (6 of 10 residues were identical), whereas the C termini were highly divergent (Fig. 3A) . As tethered constructs, both GLP-1 and EXE4 were strong agonists, whereas GIP lacked activity ( Fig. 3 B and D) . Based on the 2-domain model of ligand-receptor interaction (14), we hypothesized that the N terminus of the tethered peptide confers efficacy.
To assess the relative importance of specific residues in the N-terminal domain of the peptide, a series of tethered analogs were generated by site-directed mutagenesis and tested at the GLP-1R. The GLP-1 residues at positions 1, 7, and 10 were substituted for corresponding amino acids in the tGIP sequence, either alone or in combination (Fig. 3B Left) . Replacement of Y 1 by H 1 conferred only trace activity (3.4% Ϯ 2%), whereas introduction of T 7 in place of I 7 led to ligand-induced signaling approximating one quarter (23.4% Ϯ 9%) of the tGLP-1-induced maximum. A tGIP analog that included both H 1 and T 7 mutations was comparable to tGLP-1 in activating the GLP-1R (94.0% Ϯ 1%). Of note, introduction of V10 into tGIP in combination with H1 and T7 did not further influence activity (Fig. 3B) .
ELISA assays were carried out on nonpermeabilized HEK293 cells to evaluate tethered peptide expression on the extracellular leaflet of the plasma membrane. Expression of the tGIP derivatives was comparable to unmodified tGIP and tGLP-1, suggesting that the observed variations in activity were not due to alterations in tethered peptide levels (Fig. 3B Right) . Of note, the converse substitutions (Y 1 , I
7 replacing H 1 , T 7 ) in either tGLP-1 or tEXE4 led to a complete loss of tethered ligand activity ( Fig.  3 C and D) . Taken together, these results further support the emerging view that the N-terminal peptide domain is important in defining ligand efficacy (14) .
The residues that confer activity to soluble versus tethered ligands appear to share significant overlap (19) peptide into a fully efficacious agonist at the GLP-1R (21). The tethered GIP equivalent (H 1 , T 7 , and V 10 substituted), as assessed in the present study, is also a highly efficacious peptide, whereas tGIP has no activity (Fig. 3B) . Extending current understanding, our findings suggest that among the 3 previously studied residues, it is H 1 and T 7 that confer agonist activity at the GLP-1R.
Reminiscent of the apparent synergy between the H and T residues in [H 1 ,T 7 ]tGIP-induced activation of the GLP-1R, cooperative contributions of different functional groups have been shown to define affinity and efficacy of class A GPCR agonists; e.g., in epinephrine derivatives (22) . To our knowledge, few studies have systematically analyzed the synergistic effects of combined amino acid substitutions on the function of secretinlike ligands; such knowledge could prove useful for the rational design of synthetic ligands.
Discovery of Tethered GLP-1R
Antagonists. In addition to the synergistic contribution to tethered peptide activity, we noted an additive loss of function with sequential substitution of Y 1 and I 7 into either tGLP-1 or tEXE4. Single substitutions introducing either GIP residue, Y 1 or I 7 , were associated with decreased function, whereas simultaneous introduction of these 2 amino acids completely abolished GLP-1R agonist activity (Fig. 3 C and D) . 7 ]tGLP-1 being classified as competitive antagonists (Fig. 4) . As negative controls, tCRF and tPTH, which display no activity at the GLP-1R (Fig. 2 A) were included. Consistent with the expectation that tCRF and tPTH do not interact with this receptor, the potency of soluble GLP-1 in cells expressing either tethered construct was similar to the value obtained in cells expressing the GLP-1R alone (Figs. 2 A and 4) . The latter observation highlights that GLP-1R antagonism is not merely the result of coexpressing a tethered ligand, but is clearly attributable to the composition of the attached peptide (e.g., variants of either tEXE4 or tGLP-1).
It is also of note that the [Y 1 ,I 7 ]tGLP-1 construct is much less effective than the [Y 1 ,I 7 ]tEXE4 derivative in blocking the actions of exogenous GLP-1. This observation is consistent with previous reports suggesting that N-terminal modifications in GLP-1 may alter both efficacy and affinity, whereas parallel changes in EXE4 have a lesser impact on affinity and primarily affect efficacy. It has been proposed that this difference may stem from the fact that GLP-1 has a less stable secondary helical structure when compared with EXE4 (6, 23).
Tethered Ligands May Bypass the N-Terminal Extracellular Domain
Affinity Trap of Class B1 GPCRs. As outlined earlier, the current model of class B1 receptor activation for soluble ligands suggests that the C terminus of the peptide binds to the ECD of the receptor (the affinity trap), whereas the N-terminal domain of the peptide triggers receptor-mediated signaling. When the N-terminal domain of tGIP was modified (transferring GLP-1 residues H 1 , T 7 , and V 10 in place of the corresponding GIP amino acids), the tethered ligand was transformed from an inactive to a fully active tethered peptide at the GLP-1R (Fig. 3B) . This is consistent with the N terminus of the tethered peptide defining efficacy. However, despite the major difference at the C terminus between [H 1 ,T 7 ,V 10 ]GIP and GLP-1, the apparent potency of both ligands was comparable when assessed as membranetethered constructs (Fig. 3B ). This finding contrasts with parallel experiments from the literature using soluble ligands. Soluble [H 1 ,T 7 ,V 10 ]GIP is reported to have Ϸ1,000-fold lower GLP-1R affinity/potency compared with soluble GLP-1 (21) . It thus appears that the role of the C terminus in conferring affinity is at least in part bypassed by membrane tethering, thereby enabling [H 1 ,T 7 ,V 10 ]tGIP to activate the GLP-1R essentially like tGLP-1.
To explain the difference between tethered and soluble ligands, we propose that anchoring of the peptide in the vicinity of the receptor may facilitate the association between these 2 proteins, thereby enhancing the apparent potency of a lowaffinity ligand. The need for an affinity trap between the N terminus of the receptor and the C-terminal domain of the tethered peptide may thus be circumvented.
If the above hypothesis is correct, then it might be anticipated that a tethered ligand could activate a class B1 GPCR with a truncated ECD. A previously characterized parathyroid hormone receptor that lacks the majority of this domain was used to explore this possibility. At the N-terminally truncated PTH-R1 (24), soluble PTH displayed a dramatically lower potency (consistent with the absence of the high-affinity hormone docking site) than on the wild-type receptor (Fig. 5A) . In contrast to soluble PTH, the apparent potency of tPTH was similar on the truncated and the wild-type PTH-R1 (Fig. 5B) . These data further suggest that a membrane tether may bypass the requirement of the receptor ECD as an affinity trap by concentrating and/or stabilizing the ligand in close proximity to the target GPCR. Furthermore, the observed gain of function achieved with tethering suggests that the activity of corresponding ligands is not explained by the release of soluble peptides from these constructs.
Conclusions
The apparent universality of tethered ligand technology for class B1 agonists lends further support to the idea that common molecular mechanisms govern the activation of this family of GPCRs. Tethered agonists and antagonists provide tools for probing structure-function relationships between a ligand and its corresponding class B1 receptor. This strategy offers a potential approach to dissociate study of the N-terminal activation domain of a peptide from investigation of the C-terminal affinity determinants. The ability to optimize the activity of a ligand with clinical potential, independent of affinity, should facilitate the development of targeted therapeutics.
We have demonstrated that tethered ligands provide a highly selective means to activate corresponding GPCRs in vitro. Targeted expression of tethered agonists and antagonists using tissue-specific or cell type-specific promoters will enable the generation of powerful in vivo transgenic models (C.C., M.N.N., manuscript submitted). With the investigation of such animals, it will become possible to clearly dissect the role of a class B1 peptide in different tissues-e.g., the function of GLP-1 in selected regions of the CNS versus in pancreatic insulin-producing beta cells (18) . In contrast to injection of a soluble ligand, tethered peptides have the advantage of not diffusing into surrounding tissue or into the circulation, thereby ensuring that observed effects can be ascribed to hormone action only on the targeted cells. Given the unique ability to selectively activate or block receptor function in specific cell populations, it can be anticipated that the application of membrane-tethered ligands will significantly expand current insight into the physiological roles of class B1 GPCRs.
Experimental Methods
Generation of Tethered Ligand and GPCR Constructs. A cDNA encoding a membrane-tethered version of pigment-dispersing factor (PDF; a Drosophila class B1 peptide hormone) was chemically synthesized and cloned in pcDNA3.1 (C.C., M.N.N., manuscript submitted). After subcloning into pcDNA1.1, other class B1 GPCR ligand sequences were substituted in place of the PDF coding region by using oligonucleotide-directed, site-specific mutagenesis as previously described (25, 26) . Point mutations were introduced into the corresponding tethered ligands by using the same mutagenesis approach. The composition of the encoded constructs is further illustrated in Fig. 1 A. The signal peptide sequence was derived from preprotrypsin (15) . The TMD used in the construct was derived from the human herpes simplex virus type 1 glycoprotein C (27) . Complementary DNAs encoding the following human GPCRs: GIP-R, CRF-R2, GLP-2R, glucagon receptor (GCG-R), and calcitonin-like receptor (28) , as well as the receptor activity-modifying protein 1 (RAMP1) were obtained from the Missouri S&T cDNA Resource Center (www.cdna.org) and subcloned in pcDNA1.1. The human GLP-1R cDNA was generated as reported previously (29) . The cDNAs encoding the wild-type and truncated PTH-R1 cloned into pcDNA1 were generously provided by Thomas Gardella (Massachusetts General Hospital, Boston, MA). The nucleotide sequence of all tethered ligand and receptor coding regions were confirmed by automated DNA sequencing.
Cell Culture. Human embryonic kidney 293 (HEK293) cells were grown in Dulbecco's modified Eagle's medium (Gibco) supplemented with 10% FBS, 100 U/mL penicillin G, and 100 g/mL streptomycin. The cells were maintained at 37°C in a humidified environment containing 5% CO 2.
Luciferase Reporter Gene Assay. Receptor-mediated signaling was assessed by using a modified version of a previously described luciferase assay (16, 30) . In brief, HEK293 cells were plated at a density of 2,000 -3,000 cells per well onto clear-bottom, white, 96-well plates and grown for 2 days to Ϸ80% confluency. Cells were then transiently transfected by using the Lipofectamine reagent (Invitrogen) with cDNA encoding (i) a GPCR (or empty expression vector), (ii) a tethered ligand (where applicable), (iii) a cAMP-responsive elementluciferase reporter gene (CRE 6X-luc), and (iv) ␤-galactosidase as a control. For experiments investigating the agonist function of soluble hormones, tethered ligand cDNA was not included in the transfection reaction. Twenty-four hours after transfection, cells were incubated with or without the selected peptide agonist (American Peptide Company Inc.) in serum-free medium for 6 h. Following ligand stimulation, the medium was gently aspirated, the cells were lysed, and luciferase activity was quantified by using Steadylite reagents (Perkin-Elmer). A ␤-galactosidase assay then was performed after adding the enzyme substrate 2-nitrophenyl ␤-D-galactopyranoside. Following incubation at 37°C for 30 -60 min, substrate cleavage was quantified by measurement of optical density at 420 nM using a SpectraMax microplate reader (Molecular Devices). Corresponding values were used to normalize the luciferase activity data.
Assessment of Tethered Ligand Expression Using ELISA. The surface expression levels of the myc-tagged tethered ligands were assessed by using a previously established procedure (31) . HEK293 cells grown in 96-well, clear Primaria plates (BD Biosciences) were transiently transfected with increasing amounts of either pcDNA1.1 or a cDNA encoding the myc-tagged tethered ligand. Forty-eight hours after transfection, cells were washed once with PBS (pH 7.4) and fixed with 4% paraformaldehyde in PBS for 10 min at room temperature. After washing with 100 mM glycine in PBS, the cells were incubated for 30 min in blocking solution (PBS containing 20% bovine serum). A horseradish peroxidase (HRP)-conjugated antibody directed against the myc epitope tag (polyclonal; 1:1,500 in blocking buffer; Abcam catalog no. ab19312) was then added to the cells. After 1 h, the cells were washed 5 times with PBS. Fifty microliters per well of a solution containing the peroxidase substrate BM-blue (3,3Ј-5,5Ј-tetramethylbenzidine; Roche Applied Science) was then added. After incubation for 30 min at room temperature, conversion of this substrate by antibody-linked HRP was terminated by adding 2.0 M sulfuric acid (50 L per well). Results were quantified by measuring light absorbance at 450 nm using a SpectraMax microplate reader.
Data Analysis. GraphPad Prism software version 5.0 (GraphPad) was used for sigmoidal curve fitting of ligand concentration-response curves and for calculating the EC50 values as an index of ligand potency.
